Bimetallic one-dimensional (1-D) cobalt-palladium magnetic nanowires encapsuled by carbon nanotubes were synthesized on silicon substrate using plasma enhanced chemical vapor deposition technique. After the deposition of the catalyst, the growth of nanotubes takes place in two stages. The first is a thermal pretreatment to transform continuous nanometer bimetallic thick film into isolated and uniformly distributed nanoparticles over the entire surface of the substrate. The second step results in the growth of nanotubes perpendicular to the substrate by the addition of carbon atoms on the insulated metal nanoparticles. While growing the nanotubes at given thermochemical conditions, a Co-Pd eutectic is thought to diffuse inside the cavity of the nanotube along a length of few hundreds of nanometers as determined by high resolution, spatially resolved Electron Energy Loss Spectroscopy (EELS), and energy filtered elemental mapping. The magnetic anisotropy along the nanotube directions is observed. Ferromagnetic or superparamagnetic-like behavior of the filled nanotubes was measured through local magneto-optical Kerr effect or global superconducting quantum interference device measurements, respectively. Information on the magnetism of filled nanotubes at different scales is pointed out and discussed.
Introduction
Filling carbon nanotubes with chosen materials opens new possibilities of gene-rating nearly one-dimensional (1-D) objects with distinct properties and potential applications depending on both the chemical nature and spatial arrangement of the encapsulated guests. Due to their low dimensionality and large geometric aspect ratio, obtained nanowires exhibit different properties compared with their bulk counterpart. In the case of magnetic materials, the magnetic moment of the resulting anisotropic objects will tend to align with an "easy axis" which is an energetically favorable direction of spontaneous magnetization. Since the magnetic moment increases with decreasing nanowire thickness, we need to reduce the diameter of the nanowire. Open carbon nanotubes have been suggested as ultra-confined templates to encapsulate melted metals or salts via capillarity forces [1] . Indeed, their inherent geometrical properties such as their small diameter and long length associated with their electronic and nuclear spin degrees of freedom lead to quantum confinement effects that make them almost ideal one-dimensional (1D) systems with interesting consequences for electron and spin transport.
However, due to the small cavity diameter of 1 to 10 nm, the filling efficiency is very low, decreasing the length of the nanowires. Different filling methodologies were proposed using either single or multi walled carbon nanotubes CNT's as templates. These methods may be classified in two groups: (i) ex situ techniques necessitating an opening of the CNT by oxidation in air prior to their wetting by immersion in molten salts, or low-melting-point metal such as Pb or Bi [1] [2] .
Since most of the metals have high-melting-point and high surface tension as high as γ = 1881 mN/m for cobalt and γ = 1482 mN/m for palladium; ex situ filling remains very difficult. (ii) An alternative approach is to fill the nanotube by capillarity forces in situ during their growth [3] . The recent developments of nanofabrication techniques allow access to individual CNTs opening the way toward spintronics [4] and electronics devices. Indeed, the first organic spintronic device was reported by Tsukagoshi et al. [5] in 1999 and was based on a multi-walled carbon nanotube (MWCNT) contacted by cobalt contacts in a conventional two-terminal spin valve geometry. Those interests lead to extensive research on how to control the CNT synthesis and their properties for the different applications. Several synthesis techniques were used including electrical arc discharge [6] [7] , laser ablation [8] and chemical vapor deposition (CVD) [9] [10].
These elaboration methods are accompanied by characterization techniques that enable the mapping of the CNT characteristics for large sample sizes and populations. Some applications of CNTs such as field emission displays or photovoltaic cells, require a scalable production method. Hence, the most promising techniques, because of scalability and controllability, are CVD techniques. Plasmaenhanced chemical vapor deposition (PECVD), a variant of CVD, is an alternative approach for CNT synthesis. PECVD processing generally uses cold-wall design that prevents thermal damage to the substrate. Another advantage is the capability of obtaining relatively high deposition rates and more pure and uniform compounds by taking advantage of the high-energy electrons reactivity. CVD synthesis can be performed with catalyst [11] or catalyst free [12] . When transition metals such as Co, Ni, Pd, Pt are used as catalyst, CVD-method can lead to self-assembled CNTs into aligned structures [13] [14] [15] . The distinctive organization of aligned CNTs is further governed by Van der Waals interaction between the tubes [16] . In 2004, a variant of CVD process called the super-growth CVD or water-assisted CVD was proposed by Hata group in Japan [17] . Water addition into the reactor enhances activity and lifetime of the catalyst avoiding the competing amorphous carbon formation pathway. With this method dense and well-aligned CNT forests, with heights up to 2.5 mm are produced [17] .
It is very promising to increase the properties of CNTs depending on the aimed potential application. The most efficient way to control those additional properties of CNTs is to functionalize them. The functionalization is achieved either by chemical grafting on the outer surface or by filling the CNTs with materials which enhance the properties of interest. Several works report the filling of CNTs by magnetic nanoparticles post CNT synthesis or during the synthesis [18] . Opened CNTs have been suggested as ultra-confined templates to encapsulate melted metals or salts by using capillarity forces [19] . An alternative approach is to encapsulate one-dimensional foreign materials into CNTs during their growth.
In this paper, we used in situ filling method consisting in plasma enhanced chemical vapor deposition process, PECVD to successfully growth cobalt-palladium filled CNT forest. During the growth, the catalyst diffuses inside the CNTs filling them uniformly on a length of roughly 300 nm letting free the rest of the CNTs for hybrid organic-spintronic devices. The magnetic behavior of 
Experimental
Carbon nanotube growth and filling typically involves three steps depicted in Figure 1 . In the first step (i), a nanometer thick film catalyst of cobalt or bilayer cobalt-palladium is deposited under ultrahigh vacuum by e-beam evaporation on a SiO 2 /Si wafer. After its deposition, the catalyst was first thermally annealed in a vacuum chamber at a pressure of 2 × 10 −6 mbar and a temperature of the order of 973 K. As schematically shown in Figure 1 , this step aims to disintegrate the continuous film onto isolated and self-organized metal nanoparticles.
Then in order to chemically reduce the catalyst, the sample is exposed to hydro- from carbon contained in the atmosphere. Depending on the relative surface energies of the support and the catalyst, re-structuration driven by de-wetting [18] of the catalyst film leads to CNT growth via the tip-growth mechanism (the catalyst particle still attached to the top of the nanotube) or via base-growth mechanism (the catalyst particle is attached to the substrate). As discussed above, annealing the catalyst at 973 K under H 2 plasma produces a restructuration of the surface leading to self-organized catalyst particles [20] . This nanostructured surface is the key step of tip-growth
CNTs synthesis because of its weak interaction with the substrate [15] [21] [22] .
We conducted nanotube growth using a 10-cm-diameter vertical silica bell jar low-pressure reactor shown in Figure 2 (a) with CH 4 as the carbon precursor and Si/SiO 2 covered by the catalyst as substrate. For plasma generation, the reactor utilized a 1.2 kW microwave generator (SAIREM) operating at 2.45 GHz.
The electromagnetic waves were generated, guided using a rectangular wave guide and directed into a cavity delimited by a Faraday cage. The short-circuit piston at the end of the wave guide helped create stationary waves and situate the maximum of the electric field near the substrate. Efficient operation was assumed with good microwave coupling and minimal radial diffusion to the quartz enclosure, leading to greater discharge stability and better plasma uniformity.
Input power was varied with the pressure simultaneously in order to hold plasma volume constant.
As shown in Figure 2 (b), a quasi-hemispherical active plasma zone of radius of ~2.5 cm was created near the substrate. The input gases (CH 4 /H 2 /O 2 ) with electronically controlled mass flow rates were injected into the reactor and pumped out by the reactor pumping system. The substrate (~1 × 1 cm 2 in size)
was placed on a resistive molybdenum boat (substrate holder). Substrate heating was achieved by flowing electric current from an external heating unit through a graphite resistor placed below the molybdenum holder. The substrate heating unit was designed to automatically adjust the current flow with respect to the temperature measured by the thermocouple embedded in the substrate holder.
During all the experiments, the substrate temperature was monitored by an optical pyrometer (IMPAC, IGAQ-10), and we considered this temperature to be the actual substrate/deposition temperature for nanotube synthesis.
Results and Discussion

Structural Analysis
The influence of process parameter such as substrate temperature, microwave is activated by the presence of disorder in carbon systems. The ratio between D peak and G peak characterizes the structural quality of the CNTs.
In our case, it changes from 0.6 to 1 depending on growth conditions. Various experimental conditions were tried using palladium as co-catalyst and the best catalyst combination for the CNTs growth and filling was found Co (3 nm)/Pd and Pd. It shows the presence of cobalt and palladium species which are separated into well-defined pure Co and Pd domains within the nanotube, independently of the catalyst stack [23] . The spatially resolved Co map is wider than that of Pd. It is also noted that Co map contrast is brighter in the interior of nanotubes; indeed Co is found mainly in the internal canal of the nanotubes.
The lack of orientation of the nanotubes is related to the disintegration of the catalyst films in nanoparticles. Under the effect of temperature, the atoms in the catalyst tends to diffuse into the volume generating instability in the nanotubes growth visible by the large number of defects and the low degree of alignment observed, in the absence of barrier layers. Thus, the "stabilization" of the catalyst 
Magnetic Measurements
MOKE Measurements
Magnetic hysteresis of Co-Pd filled CNTs was determined from magnetization loop through magneto-optical Kerr measurements with a red laser. This technique describes the change of the polarization states of light when reflected at a magnetic material. Both polar (i.e. magnetization perpendicular to the plane) and planar magnetization of the filled MWCNTs are measured. In Figure 5 , we represent the Kerr loop corresponding to the synthesized CNT forest. The polar hysteresis is almost rectangular; the remnant magnetization is thus perpendicular to the substrate in the main direction of the CNTs, whereas no planar magnetization is measured. One has to notice that even if Pd is present with Co as co-catalyst, magnetic response from Kerr measurements is obtained. This is An interesting point to address is the difference in magnetic behavior that we have observed between the nanostructured catalyst obtained after annealing,
without CNTs growth and the situation after growing filled CNTs. Figure 6 represented the polar and planar MOKE measurements of such nanostructured catalyst in the case of Co (9 nm)/Pd (6 nm). One can observe that both magnetic loops have significant non zero hysteresis and a low remnant magnetization at zero field. This is similar to the hysteresis reported in [20] , where changes in coercivity were found to depend on the size of the magnetic clusters, obtained from the nanostructuration process following the thermal annealing of the catalyst, as explained in Section 2. Moreover, as reported in [26] , the possibility to form cobalt carbide would add a superpara magnetic behavior to the global magnetic answer. However, the resulting hysteresis is significantly less rectangular than that in presence of filled nanotubes.
SQUID Measurements
In order to get more insights on the magnetization behavior, we have used SQUID technique to provide magnetization measurement with good accuracy. It is then interesting to compare such magnetization measurements to those given by MOKE technique. We investigated the sample used for MOKE measurements.
SQUID measurements were performed in plane and out of plane magnetization configurations at 10 K as shown in Figure 7 . The hysteresis loops are similar for both magnetization directions. Moreover, they do not depend on temperature while MOKE is more local technique. In case of MOKE, a laser with a finite spot size is used and can only sense a part of the thickness of the nanotubes. As shown in the TEM image in Figure 4 , the CNT is filled over hundred nanometers but is not straight on the whole length. The MOKE measurement probes only the first 100 nm with a given direction of the nanotube while the SQUID measures the whole magnetic behavior with all possible orientations. Such dis-persion in CNT direction is also in good agreement with the SEM cross section observed in Figure 2 (c) and in previously reported experiment with catalytic CVD [27] . Thus, all CNTs can be individually ferromagnetic but collectively the dispersion of their orientations gives rise to a superparamagnetic-like behavior in the global SQUID measurement. Conversely, the local MOKE technique probes an area where CNTs are more homogeneous and perpendicular to the surface of the substrate, especially in the finite thickness about 100 nm that is really probed.
Thus, SQUID and MOKE measurements give complementary information on the magnetism of filled CNTs at two different scales. One has to take into consideration this scale aspect for an unbiased analysis of the magnetic measurements. A last point to be noted from SQUID measurement reported in Figure 7 is that the hysteresis loop in out of plane configuration is slightly more hysteretic than the planar one. This indicates that, despite the high dispersion of the nanotubes orientations, the SQUID gives an indication of a direction of the anisotropy.
Conclusion
We successfully synthesized CNT forest with PECVD using intermetallic Co/Pd catalysts. Regarding structural nanotubes properties obtained from Raman spectra, the best CNT properties are achieved with Co (3 nm)/Pd (2 nm) and a tem- 
